ABSTRACT. Despite the emergence of newer antibiotic treatments, group B streptococcal infection still carries a high mortality rate in the newborn and is characterized by reduced neutrophil proliferative pools, neutrophil storage pools, neutropenia, and polymorphonuclear cell dysfunction. Recombinant human granulocyte-colony stimulating factor (rhG-CSF) has recently been demonstrated to induce neutrophilia and modulate neutrophil proliferative pools and neutrophil storage pools in the newborn rat. We therefore investigated the adjuvant effect of rhG-CSF given to group B streptococcus (GBS) septic Sprague-Dawley newborn (~3 6 h) rats treated with and without antibiotic therapy. After inoculation of GBS, a GBS survival curve established the LD50 at 50 h to be approximately 3 x lo6 organisms/gm. Newborn rats were divided into four treatment groups after GBS inoculation. rhG-CSF was administered at the same time as GBS inoculation. At 24 h, there was approximately 100% survival in all groups. However, by 72 h after GBS inoculation, there was a significant difference in survival. Group 1, PBS/Alb, had a survival rate of 4%; group 2, rhG-CSF, 9%; group 3, antibiotics, 28%; and group 4, antibiotics plus rhG-CSF, 91% (p 5 0.001). Additionally, when rhG-CSF was administered prophylactically (6 h before GBS), a similar significant synergistic effect in survival was demonstrated with granulocyte colony stimulating factor plus antibiotics versus antibiotics alone (70 versus 10%) (p s 0.01). These preliminary data suggest that either simultaneous or prophylactic pulse administration of rhG-CSF may have a synergistic and protective effect on survival in antibiotic-treated experimental GBS in the neonatal rat. NSP, neutrophil storage pool i.p., intraperitoneal(1y)
The incidence of neonatal sepsis has been estimated to occur in approximately one to 10 patients per 1000 live births (1) . The most common organism associated with overwhelming sepsis in both preterm and term newborns is GBS. GBS may manifest itself under two different clinical presentations: early and late onset (2) . Despite the recent emergence of the modern antibiotic era and the use of aggressive cardiopulmonary supportive therapy, the overall mortality from GBS sepsis still remains significant. Although a number of factors are responsible for the high incidence and mortality rate associated with bacterial sepsis in the newborn, a developmental immaturity in neonatal host defense remains as one of the most important barriers to improving the mortality rate associated with this disorder (3) . One of the most important deficits associated with the increased risk of bacterial sepsis is quantitative and qualitative deficiency of the neonatal phagocytic system (4) .
Experimental GBS in neonatal Sprague-Dawley rats have previously demonstrated a high mortality rate and an association with exhaustion of mature NSP from neonatal rat bone marrow (5) . Experimental studies in this animal model have demonstrated that profound peripheral neutropenia and depletion of NSP cells almost always precede death and appear to be correlated with the high mortality rate (6) . Altered granulopoiesis in the premature and term newborn rat are the major factors in predisposing newborn rats to an increase in morbidity and mortality during experimental bacterial infection (7) (8) (9) . Human studies of neonatal sepsis have also demonstrated an association with peripheral neutropenia (8) . Additionally, the mortality rate associated with bacterial sepsis in humans is also higher in newborns presenting with peripheral neutropenia than in neonates with normal or increased neutrophil counts (3) .
Myeloid progenitor cell proliferation and maturation and mature granulocyte bone marrow egress are dependent on the continuous supply of hematopoietic CSF. CSF are comprised of a variety of glycoproteins with biologic specificities defined by their ability to stimulate proliferation and differentiation of hematopoietic stem cells of various lineages. G-CSF, purified to homogeneity from the human bladder carcinoma cell line 5637, is one such glycoprotein (10) . G-CSF has been administered to various animals and induces early peripheral neutrophilia. The acute neutrophilia induced by G-CSF is presumed to be secondary to egress of NSP cells from animal bone marrows (1 1-13 ).
Human G-CSF also appears to not only regulate late hemotopoietic neutrophil progenitor cell proliferation and release but also enhance mature neutrophil physiologic function (14, 15) .
We have previously demonstrated that i.p. administration of rhG-CSF to neonatal rats induces early neutrophilia and expansion of the neutrophil proliferative pool (16, 17) . The increased morbidity and mortality of bacterial sepsis in the neonate is in part secondary to altered myelopoiesis and a tendency to peripheral neutropenia. We postulated that prophylactic or simultaneously administered human rhG-CSF could possibly enhance neonatal host defense and subsequently modify the high mortality rate associated with experimental group B streptococcal infection. Our study investigated the adjuvant use of this hematopoietic growth factor (with and without antibiotics) under experimental conditions of group B streptococcal infection in newborn Sprague-Dawley rats.
MATERIALS AND METHODS
G-CSF. rhG-CSF was purchased from Amgen Biologicals (Thousand Oaks, CA), and was prepared from an E. coli host recombinant DNA procedure to 95% purity before formulation in 0.025% HSA. SDS gel electrophoresis was used to confirm the purity of the growth factor by the appearance of a single protein band. Biologic activity of 2 x lo8 IU/mg was determined by granulocyte colony formation on human nonadherent bone marrow cells in semisolid media. The Limulus amebocyte lysate assay was used to demonstrate the absence of measurable endotoxin. Purified G-CSF was used at concentrations of 5.0 pg/kg [diluted with PBS pH 7.4, and HSA (Alpha Therapeutic Corp., Los Angeles, CA)] (1 6).
Organism: GBS. GBS, type 111, N-strain, was used in our study. The organism was isolated from an infected neonate and serotyped by the precipitin method using rabbit antisera. The organism was grown in Todd Hewitt broth to logarithmic phase and then aliquoted and stored at -70°C until use. Aliquots were thawed and allowed to grow to maximum phase growth (6 h) in fresh Todd-Hewitt broth. Organisms were then sedimented by centrifugation and washed three times in sterile PBS. Concentration of bacteria was standardized by its OD at 620 nm, and a suspension of 3 x 1 O6 organisms/g body wt/100 pL was prepared for injection. Animal inoculation. Litters of albino Sprague Dawley neonatal rats (Bantin-Kingman Laboratories, Fremont, CA) (24 h old (6-8 g) were used in this study. Mothers of the litters were received 1 wk before delivery, and were housed at the vivarium at the University of California Irvine Medical Center. They were maintained at constant room temperature, with water and rodent feed (Purina Chow, Ralston-Purina, Co., St. Louis, MO) ad libitum. Approval for this study was granted by the Animal Use Committee at UCI. Before inoculation of the neonatal rat, the site of injection was washed with Betadine solution (povidoneiodine, 10%, Purdue Frederick, Nonvalk, CT). Intraperitoneal injections of rhG-CSF were accomplished with a sterile tuberculin syringe fitted with a 27.5-gauge needle. Antibiotics were administered by intramuscular injection at the hind leg. GBS was injected S.C. at the tail region of the animal with a sterile tuberculin syringe.
Treatment. The LDso of GBS at 48 h and the LDyO at 72 h was determined by injecting neonatal rats as described with concentrations of 3 x lo5, 3 x lo6, 3 x lo7 bacteria per g wt. To determine the effect of rhG-CSF on peripheral neutrophilia, litters were injected with i.p. rhG-CSF (5.0 pg/kg), or PBS/ 0.025% HSA i.p. as a control. To determine the rhG-CSF effect on the modulation of neonatal rat GBS sepsis, litters were each given one of several forms of therapy. In the simultaneous studies: I ) rhG-CSF, administered i.p. at 5.0 pg/kg simultaneously with inoculation of GBS; 2) PBS/0.025% HSA administered i. SEM of eight to 15 animals, or three to five replicates of blood or bone marrow samples. The probability of significant differences when comparing two treated groups was determined with the use of the unpaired t test, whereas the probability of significant differences when examining multiple treatments was determined by using the analysis of variance followed by the StudentNewman-Keuls multiple range tests to define the unique subsets within the study. Statistical analyses were performed using the Biostat I statistical program (Sigma Soft, Placentia, CA) for the IBM personal computer. Resulting p values 2 0.05 are considered significant.
RESULTS
LDS0 and LDyO were established by S.C. inoculation of 0.1 mL suspension of type I11 GBS/g body wt to litters of SpragueDawley newborn rats (Fig. 1) . Three x lo6 colony forming units/ g of GBS type I11 N-strain resulted in greater than 50% and 90% mortality at 48 and 72 h, respectively, after administration. These experiments suggested that 3 x lo6 colony forming units/g of GBS would be the most ideal concentration to be used in subsequent studies.
We administered 5 pg/kg i.p. rhG-CSF to newborn pups and determined its effect on peripheral neutrophilia. When i.p. rhG-CSF (5 pglkg) was administered to newborn rats, it resulted in significant neutrophilia within 6 h of administration and resulted in a prolonged sustained neutrophilia 24 h after administration (Fig. 2) . rhG-CSF administered by i.p. injection resulted in a 3
. \ to 4-fold increase in the peripheral neutrophil count at 6 h and an almost 1.5-to 2-fold sustained increase in the circulating absolute neutrophil count by 24 h (Fig. 2) .
Next, litters of 10-1 1 newborn rats were inoculated S.C. with 3 x lo6 GBS/g body wt and randomized to one of four treatment groups. The first group of animals received GBS and PBS/ 0.025% HSA. Group 2 received GBS and simultaneously received 5 ~g / k g i.p. rhG-CSF. Group 3 were inoculated with GBS and within 24 h of administration of GBS, were also treated with ampicillin and gentamicin. Lastly, group 4 animals were inoculated with GBS and simultaneously were given i.p. rhG-CSF (5 pg/kg) and within 24 h were given similar doses of ampicillin and gentamicin. At 24 h, there was almost 100% survival in all groups (Fig. 3) . By 72 h, however, there was a significant difference in survival among treatment groups. In group 1, the control group, there was only a 4% survival rate (one of 24); in group 2, which received i.p. rhG-CSF, there was only a 9% survival rate (two of 23); in group 3, which received antibiotics alone, there was a 28% survival rate (six of 21); but, in group 4, there was a significant increase in survival rate (9 1 %) in animals receiving both antibiotics and i.p. rhG-CSF (19 of 21) ( p 5 0.001) (Fig.  3) .
To assess whether prophylactic administration of i.p. G-CSF could modulate GBS infection in neonatal rats, we chose a different treatment schema for the following experiments. Litters of 10-1 1 animals were treated under the following conditions. At h 0, i.p. rhG-CSF (5 ~g/kg) was given to the first two groups of animals and the 3rd and 4th group received PBS/0.025% BSA. At h 6, GBS was administered to all four groups. Eighteen h after administration of GBS, group 2 and group 3 animals were given ampicillin and gentamicin. Group 4 only received PBS/0.025% HSA at h 0. The results of these experiments are illustrated in Figure 4 . In the animals who were given prophylactic i.p. rhG-CSF followed with antibiotic administration 18 h later, there was a significant increase in survival at 60 h compared with the other three treatment groups, resulting in a survival rate of approximately 70% ( p 5 0.001).
DISCUSSION
The immaturity of neonatal neutrophil host defense contributes significantly to the high incidence of overwhelming bacterial sepsis in the preterm and term newborn (3). Because neonatal rat bone marrow myeloid proliferative pools are reduced to 10-20% of normal adult animal levels and are proliferating at 75-80% of maximal levels, and because bone marrow NSP are reduced to approximately 25% of adult levels in term neonatal rats, the neonatal rat is unable to respond efficiently to overwhelming GBS infection (8, 9) . This ineffective myeloid proliferation and egress response results in an overwhelming tendency to peripheral neutropenia and a high incidence of morbidity and mortality. Additionally, even adequate numbers of circulating PMN during neonatal sepsis may be insufficient to defend against overwhelming bacterial infection because their ability to function normally may be impaired (1 8) .
rhG-CSF cDNA has a 60-70% homology in nucleotide sequence in the protein coded region with murine G-CSF cDNA and has species crossreactivity (19) . Recently, large quantities of mature human G-CSF have been produced by recombinant techniques in E. coli (20) . rhG-CSF has been demonstrated to induce neutrophilia within 48 h in adult mice (1 I), after autologous bone marrow transplantation in primates (12) , and after high-dose chemotherapy in transitional cell carcinoma (2 1). Specifically, rhG-CSF has shortened the period of neutropenia in cynomolgus monkeys after high-dose cyclophosphamide (22), busulfan (23), or total body radiation and autologous bone marrow reconstitution (24). Recently, rhG-CSF has been successfully used to treat patients with congenital agranulocytosis (Kostmann's Syndrome) (25) and cyclic neutropenia (cyclic hematopoiesis) (26).
Previously, we have demonstrated that pulse administration of rhG-CSF can induce an early and somewhat sustained neutrophilia in the neonatal rat (16, 17) . In this study, we investigated the adjuvant effect of administering rhG-CSF to antibiotictreated GBS-infected neonatal rats. When i.p. rhG-CSF was administered simultaneously at the time of inoculation of GBS, we found a significant increase in survival of the antibiotictreated group of animals compared with all other groups.
It is of interest but not too surprising that i.p. rhG-CSF treatment alone without additional antibiotic therapy had no additive effect in the reduction of mortality. With only a singlepulse administration of a CSF, it is unlikely that a transient rise in the neutrophil count can prevent the mortality associated with overwhelming infection with such organisms as GBS without additional antibiotic therapy.
After observing the significant increase in survival with the combination of i.p. rhG-CSF and antibiotics, we next evaluated whether i.p. rhG-CSF could be efficacious if given prophylactically before inoculating newborn rats with GBS. We therefore administered i.p. rhG-CSF 6 h before the administration of GBS to take advantage of the marked and significant neutrophilia that occurs within 6 h after rhG-CSF administration. Again, in this experimental model, we found that prophylactic i.p. rhG-CSF, when administered 6 h before GBS inoculation, also demonstrated a significant synergistic effect in survival with antibiotic therapy versus antibiotics alone. Thus, simultaneous and prophylactic i.p. rhG-CSF resulted in a significant synergistic response with antibiotic therapy compared with antibiotic therapy alone.
Other investigators have examined the effect of human CSF in modulating microbial infection in neutropenic animals. Matsumoto et al. (27) administered high-dose cyclophosphamide to adult mice and randomized mice to receive S.C. rhG-CSF 1 d after cyclophosphamide therapy. In mice receiving no adjuvant CSF therapy, profound neutropenia developed within 4 d, whereas the animals receiving daily rhG-CSF manifested sustained and even elevated peripheral neutrophil counts. In our study, 4 d after administration of cyclophosphamide, i.p. Pseudomonas aeruginosa was administered. Subsequently, there was a significant increase in survival in the CSF-treated group, with a rapid elimination of bacteria, compared with those animals who received no adjuvant CSF therapy and developed profound neutropenia. Additionally, Tanaka et al. (28) We and other investigators have examined alternative methods for enhancing human neonatal neutrophil host defense in the treatment of overwhelming bacterial sepsis and neutropenia. Recent clinical studies using adult PMN transfusions as an adjuvant mode of therapy during the treatment of neonatal neutropenia and bacterial sepsis have demonstrated efficacy and an improvement in survival (30-33) but other studies using different methods of granulocyte collection (buffy coat transfusions) have found no additional improvement in survival (34, 35). The potential morbidity and difficulty in obtaining leukopheresed granulocytes must be prospectively evaluated and compared with the clinical benefits obtained from adult PMN transfusions in this clinical setting.
Ulich et al. (1 3) recently demonstrated the myeloproliferative and demarginating effects of rhG-CSF in adult Sprague-Dawley rats. Our study also suggests that i.p. rhG-CSF can modulate and enhance peripheral neurophilia in the neonatal rat and may additionally play a protective role during experimental GBS infection. We have also recently demonstrated that recombinant human CSF may also modulate and enhance neonatal neutrophil physiologic function (36, 37). The addition of antibiotics and increased circulating neutrophils or enhanced PMN function appear synergistic against overwhelming bacterial infection presumably by the combination of reduced bacterial growth and enhanced phagocytosis and bacterial killing. Further studies are presently underway to examine the effects after prolonged CSF administration to both preterm and term neonatal rats. Future investigations with the use of these human CSF in enhancing neonatal host defense will need to focus on their enhancement of quantitative deficiencies as well as qualitative deficiencies of neonatal myeloid activity.
